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ABSTRACT
We report the discovery of an unusual stellar system SMSS J130522.47-293113.0.
The optical spectrum is dominated by a blue continuum together with emission lines
of hydrogen, neutral and ionized helium, and the N iii, C iii blend at ∼λ4640–4650A˚.
The emission line profiles vary in strength and position on timescales as short as 1 day,
while optical photometry reveals fluctuations of as much as∼0.2 mag in g on timescales
as short as 10–15 min. The system is a weak X-ray source (f0.3−10 = (1.2±0.1)×10
−13
ergs cm−2 s−1 in the 0.3–10 keV band) but is not detected at radio wavelengths (3σ
upper limit of 50µJy at 5.5GHz). The most intriguing property of the system, however,
is the existence of two “blobs”, a few arcsec in size, that are symmetrically located 3′.8
(2.2 pc for our preferred system distance of ∼2 kpc) each side of the central object.
The blobs are detected in optical and near-IR broadband images but do not show any
excess emission in Hα images. We discuss the interpretation of the system, suggesting
that the central object is most likely a nova-like CV, and that the blobs are relics of
a pc-scale accretion-powered collimated outflow.
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1 INTRODUCTION
Serendipity plays a significant role in astrophysics through
the discovery of unexpected objects in surveys, and such dis-
coveries often result in the opening up of entirely new areas
of inquiry. Within the field of compact mass-accreting binary
stellar systems an example is the unanticipated nature of the
object SS433 in the compilation of Stephenson & Sanduleak
(1977), a catalogue of Hα emission line objects derived from
objective prism surveys of the Milky Way. Follow-up obser-
vations of the source (e.g., Clark & Murdin 1978) revealed
a complex optical spectrum, which is now understood as
arising in an eclipsing high mass X-ray binary system with
two oppositely directed, precessing, and continuously emit-
ting relativistic jets of gas (Blundell et al. 2011, and refer-
ences therein). Because of the similarity of these properties
with those of quasars, albeit at a much lower mass scales,
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SS433 has become the prototype of the class of Galactic ob-
jects known as microquasars: X-ray binaries with associated
mass outflow in the form of bipolar jet structures that are
generally seen at radio wavelengths.
The jet structures seen in microquasars are only one
example of jet phenomena associated with stellar objects.
For example, accretion driven collimated jets are also seen
in young stellar objects, in both low and high mass X-ray bi-
naries, and in a number of systems involving accreting white
dwarfs (e.g., Ko¨rding et al. 2008, and references therein).
What is much rarer, however, is the existence of the relics of
jets in stellar systems, that is, a situation where the source
of the jet power has ‘turned-off’ but where direct evidence
supporting the previous existence of jets or outflows remains.
Here we report the discovery of two unusual patches of
diffuse emission symmetrically located either side of a bright
optical-line-emitting source. The system was serendipitously
observed as part of the AEGIS spectroscopy survey (P.I.
Keller) of candidate Galactic halo stars. We argue that the
central source is an accreting white dwarf, specifically a
nova-like cataclysmic variable (CV), at a distance of ∼2 kpc.
The two diffuse “blobs” are interpreted as relics of now de-
funct pc-scale collimated outflows from the central accret-
ing source. If this is the case it would confirm that accret-
ing white dwarfs are capable of producing large-scale colli-
mated outflows or jets, similar to those seen in neutron star
and black hole accretion stellar systems (e.g., Ko¨rding et al.
2008, and references therein). Nevertheless, we cannot rule
out the possibility that the “blobs” are remnants related to
a historical nova outburst from the central source.
The discovery observations are described in the follow-
ing section. In section 3 a series of follow-up observations
at wavelengths from radio to X-ray are described, while the
possible interpretations of the central object are explored in
section 4. The potential relic jets are discussed in section 5
and the results are summarised in section 6.
2 DISCOVERY OBSERVATIONS
The AEGIS survey (P.I. Keller) was a moderate scale (4
semesters, 15 nights per semester) spectroscopic survey car-
ried out with the AAOmega multi-fibre spectrograph system
(e.g., Sharp et al. 2006) at the Anglo-Australian Telescope.
The aim of the survey is to constrain the chemodynami-
cal evolution of Milky Way through the study of the kine-
matics and abundances of stars in the halo and the outer
thick disk. The input catalogue for the spectroscopic ob-
servations was derived from photometry of approximately
200 two-degree diameter fields obtained during the commis-
sioning of the SkyMapper telescope (Keller et al. 2007) at
Siding Spring Observatory. In particular, the gravity and
metallicity sensitivity of the SkyMapper photometric sys-
tem (Keller et al. 2007) allows the focus of the target list to
be on blue horizontal branch (BHB), red clump, and metal-
poor star candidates. The observations were made with the
580V grating in the blue arm of the spectrograph, providing
a wavelength coverage of approximately λ3750–5400A˚ with
a resolving power R = λ/∆λ of ∼1300. The red arm used
the 1700D grating centred at λ8600A˚ allowing coverage of
the Ca ii triplet region with R ≈ 10,000. All of the survey
observations are run through a uniform data reduction pro-
Figure 1. Discovery spectrum of the unusual star SMSS J1305–
2931 from the AAT AAOmega blue camera observation. The
spectrum has not been flux or continuum corrected. The Balmer
lines Hβ, Hγ and Hδ are clearly visible in emission as are the
He i lines at λ4922A˚ and λ5015A˚. Also present is N iii and C iii
emission at λ4640–4650A˚ and He ii emission at λ4686A˚.
cess, but the availability of the reduction code 2dfdr1 at the
telescope allows a quick analysis, permitting a visual inspec-
tion of the spectra and thus the immediate identification of
any unusual objects.
Figure 1 shows the reduced AAOmega blue arm spec-
trum of one such unusual object, which was included in the
survey input catalogue as a candidate BHB star on the ba-
sis of its blue colour. We denote the star by its SkyMapper
survey DR1.12 designation of SMSS J130522.47–293113.0
(hereafter SMSS J1305–2931). The AEGIS field containing
SMSS J1305–2931 was observed on 2012 April 13 (UT), and
the spectrum shown in Fig. 1 is the combination of three
1500 s integrations taken in moderately good seeing (FWHM
≈ 1′′.7; cf. on-sky fibre diameter 2′′.0) and with clear skies.
The spectrum shows broad emission in the Balmer lines, the
characteristic blend of emission from N iii and C iii at λ ≈
4640–4650A˚, and He ii at λ ≈ 4686A˚ on a blue continuum.
There are no significant absorption lines present. The peak
of the Hβ profile in Fig. 1 yields a heliocentric velocity of
approximately –250 km s−1. The intrinsic FWHM of the
line is of order 500 km s−1 and multiple components may
be present. The spectrum is suggestive of a previously un-
catalogued compact accreting object in a binary system. We
note for completeness that the corresponding red spectrum
is of low S/N and shows no readily identifiable features.
The most intriguing aspect of this source, however, is
the presence of two low surface brightness “blobs” symmet-
rically located each side of the central star at angular dis-
tances of ∼3′.8. They were first noted on the Digitized Sky
Survey (DSS) red image (Fig. 2) but are also visible on the
DSS blue image. They are just visible in the Pan-STARRS1
(Flewelling et al. 2016) y/i/g image stack of the field, and
are most evident on the i image stack. The blobs are ∼10′′
in diameter, and are of relatively uniform surface bright-
ness without obvious internal structure, although the SW-
component is perhaps more compact.
Their symmetrical location, together with the emission-
line spectrum of the central star, marks out SMSS J1305–
2931 as a system of special interest. Consequently, we have
carried out a number of follow-up studies to investigate na-
1 www.aao.gov.au/AAO/2df/aaomega/aaomega software.html
#drcontrol
2 Wolf et al., (2018); DOI: 10.4225/41/593620ad5b574
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Figure 2. DSS-Red image of the field of the unusual star SMSS
J1305–2931. The star is circled at the centre of the field; shown
also with circles are two “blobs” that lie symmetrically ∼3′.8
either side of the central star. These faint features are also visible
on the DSS-B image. In the figure North is up and East is to the
left, and the field shown is 10′ in size in the N-S direction.
ture of the central source and the accompanying blobs, as
possible interpretations include a previously unknown mi-
croquasar or some other type of accreting system with ex-
tended collimated outflows.
3 FOLLOW-UP STUDIES
3.1 Radio Observations
There is no radio source listed in the NVSS catalogue
(Condon et al. 1998) near the position of SMSS J1305–2931,
nor is there any detection at this position in the SUMSS cat-
alogue (Mauch et al. 2003). We therefore carried out radio
observations of the field of SMSS J1305–2931 at 5.5 and
9 GHz with the Australia Telescope Compact Array, as a
‘Target of Opportunity’ (proposal ID CX242), during the
period 2012 July 5–8. No emission consistent with the loca-
tion of the central star or of the blobs was detected at either
frequency. The 3σ upper limits are 50µJy at 5.5GHz and
70µJy at 9GHz. There are a number of other point sources
present in the field, but none are coincident with the optical
positions of any of the components of the SMSS J1305–2931
system.
Table 1. Properties of the Central Star of the SMSS J1305–2931
system
Parameter Value Source
RA (2000) 13:05:22.47 1
Dec (2000) –29:31:13.0 1
Reddening E(B − V ) 0.09–0.11 2,3
V (APASS) 16.52 ± 0.04 4
B − V (APASS) 0.09 ± 0.04 4
g (SkyMapper)a 16.32 ± 0.06 5
u− g (SkyMapper) 0.02 ± 0.12 5
v − g (SkyMapper) 0.15 ± 0.13 5
g − r (SkyMapper) –0.16 ± 0.09 5
g − i (SkyMapper) –0.30 ± 0.07 5
Ks (AAT) 15.84 ± 0.02 6
J −Ks (AAT) 0.23 ± 0.03 6
H −Ks (AAT) 0.13 ± 0.03 6
W1 (WISE 3.36 µm) 15.79 ± 0.05 7
W2 (WISE 4.6 µm) 15.89 ± 0.13 7
FUV (GALEX λeff 1500 A˚) 17.05 ± 0.04 8
NUV (GALEX λeff 2300 A˚) 16.70 ± 0.02 8
uvw2 (Swift/UVOT)a 15.18± 0.03 6
uvm2 (Swift/UVOT)a 15.09± 0.03 6
uvw1 (Swift/UVOT)a 15.12± 0.04 6
u (Swift/UVOT)a 15.40± 0.03 6
b (Swift/UVOT)a 16.56± 0.03 6
v (Swift/UVOT)a 16.46± 0.03 6
a variable at the ∼0.2 mag level.
1: Gaia Collaboration (2016)
2: Schlegel et al. (1998)
3: Schlafly & Finkbeiner (2011)
4: Henden et al. (2012)
5: Wolf et al. (2018)
6: this work
7: Cutri et al. (2013)
8: Bianchi et al. (2012)
3.2 Optical/IR imaging
3.2.1 Archival data
We note that the central star lies at J2000 coordinates RA =
13h05m22s.47, Dec = −29◦31′13′′.2 in the Gaia DR1 catalog
(Gaia Collaboration 2016) coincident with the SkyMapper
DR1.1 position. The corresponding Galactic coordinates are
l = 306◦.6 and b = 33◦.25. The reddening in this direction
is relatively small: E(B − V ) = 0.11 mag (Schlegel et al.
1998) or 0.09 mag with the Schlafly & Finkbeiner (2011)
recalibration. The central star is also listed in the UCAC4
(Zacharias et al. 2012), PPMXL (Roeser et al. 2010), SPM
(Girard et al. 2011) and APOP (Qi et al. 2015) astrometric
catalogues, and in each case the measured proper motion
is consistent with zero to within the errors, which are 3–6
mas yr−1 in size. Catalogue photometry for the central star,
for wavelengths from the uv (GALEX) through to the IR
(e.g., WISE), are given in Table 1. We note also that Table
1 lists the improved JHK photometry discussed in §3.2.3,
rather than the less precise values in the 2MASS point source
catalogue. The star is also in the Pan-STARRS1 data archive
(Flewelling et al. 2016), with g = 16.32, g − r = –0.07 and
g − i = –0.24 mag on the Pan-STARRS1 system.
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3.2.2 Faulkes-South Observations
We used observations with the 2-m Faulkes-South telescope
Spectral Camera CCD imaging system to provide optical
magnitudes and colours for the blobs, and to constrain the
variability of the central star. The CCD camera, with 2×2
pixel binning, provides images of a field ∼10′×10′ in size at a
scale of 0′′.30 per binned pixel. Images were centered on the
central star and the field size is large enough to comfortably
include both of the blobs.
The first set of observations were carried out in late
April and May 2012. The specific frames analyzed are a set of
3×600 s images taken with the Hα filter (FWHM 300A˚) on
2012 April 30, which were accompanied by 3×180 s images
with the r filter, a 600 s V exposure taken on 2012 May 1,
and a set of 3×600 s images taken with an [Oiii] 5007 filter
(FWHM 30A˚) on 2012 May 11. The seeing for the Hα and r-
band images was poor (∼3′′.2) while that for the V and [Oiii]
observations was moderately good (∼1′′.7). The central star
is well-detected on all the frames while the blobs are faintly
visible on the combined r frame and on the V frame, may
be present on the combined Hα frame, and are not readily
apparent on the combined [Oiii] frame. In order to improve
the sensitivity to low surface brightness features such as the
blobs, each of the four frames (combined Hα, combined r, V
and combined [Oiii]) was block-averaged with a 4×4 pixel
box, and all subsequent photometry was carried out on these
block-averaged frames.
A second set of observations was obtained with the same
CCD camera in 2013 March. In these observations the sys-
tem was repeatedly imaged over three nights with 60 s expo-
sures and the g filter. The time between exposures was 96 s.
The system was followed for ∼66 min on 2013 March 16 (UT
Date), ∼200 min on March 18, and ∼143 min on March 20.
For the first two nights the seeing was moderate (1′′.8–2′′.4)
with intermittent cloud, while for the third night conditions
were mostly clear with reasonable seeing (1′′.4).
First, to study the properties of the blobs, a single g-
band image was made by combining thirty 60 s integrations
from 2013 March 20, which is the best seeing data. The blobs
are clearly present on the combined block-averaged image
and, to a precision of ∼1′′, the positions of both the NE and
SW blobs on this image, given in Table 2, are identical to
those on the DSS images (and to the positions on the Pan-
STARRS1 i-band image stack). The angular distance of the
NE blob from the central star is 228′′.4, while that for the
SW blob is 228′′.7. Given that the centres of the blobs are
difficult to measure to better than ∼1′′ precision, it is clear
that they are equidistant from the central star at a level
better than 1 percent. Similarly, the position angles of the
two blobs relative to the central star are 24◦.3 for the NE
blob and 180◦+22◦.3 for the SW blob, once more indicating
a high degree of symmetry. However, despite the obvious
symmetries, it is apparent from this frame that the NE blob
is somewhat more extended and less centrally concentrated
than the SW blob. This is also evident on the DSS images
(see Fig. 2) and from the H-band image discussed in §3.2.3
(see Fig. 5).
The g and r magnitudes for stars on the frames in the
APASS catalogue (Henden et al. 2012)3 were used to de-
3 http://www.aavso.org/apass
Table 2. Properties of the ‘blobs’ in the SMSS J1305–2931 sys-
tem
Parameter Value
NE blob
RA (2000) 13h05m29s.8 (±1′′)
Dec (2000) –29◦27′46′′ (±1′′)
g (APASS system) 24.7 ± 0.1 mag arcsec−2
g − r (APASS system) 1.15 ± 0.05
Ks (AAT) 21.89 ± 0.07 mag arcsec−2
J −Ks (AAT) 0.80 ± 0.09
H −Ks (AAT) 0.27 ± 0.08
SW blob
RA (2000) 13h05m15s.8 (±1′′)
Dec (2000) –29◦34′45′′ (±1′′)
g (APASS system) 24.8 ± 0.1 mag arcsec−2
g − r (APASS system) 0.93 ± 0.10
Ks (AAT) 21.69 ± 0.06 mag arcsec−2
J −Ks (AAT) 0.67 ± 0.07
H −Ks (AAT) 0.18 ± 0.06
fine a transformation from instrumental aperture photome-
try to the APASS system, with zero point uncertainties of
0.02–0.03 mag. Using this transformation the mean surface
brightnesses of the NE and SW blobs, within a 3′′ radius
aperture that encompasses most of the light were deter-
mined. The values are given in Table 2. The r magnitudes
for the blobs were measured in the same way on the com-
bined r-band image, and they yield relatively red (g − r)
colours for the blobs, which are also given in Table 2.
Aperture photometry was next carried out on the (r,
Hα) combined frame pair. The r magnitudes were again
transformed to the APASS system and used to calculate
the (r–Hα) colours, where the Hα magnitudes remain on
the instrumental system but with a zero point chosen so
that (r–Hα) ≈ 0 for stars with (g − r) ≈ 1.0. The [(r–Hα),
(g−r)] two-colour diagram for the stars in the field with g ≤
19.3 is shown in the upper panel of Fig. 3. The stars define
a sensible sequence, and there is some indication that SMSS
J1305–2931 shows a Hα excess relative to the field star re-
lation, though admittedly this is set by the single star in
the field observed that is bluer than SMSS J1305–2931. The
presence of such an excess, however, is not unexpected given
that the optical spectrum of SMSS J1305–2931 shows Hα in
emission (see §3.3).
The derived (r −Hα) colours for the blobs are plotted
in the upper panel Fig. 3 against (g−r). While uncertain at
the 0.2 – 0.3 mag level, there is no evidence of the presence
of significant Hα excess for the blobs. This suggests that
an optical spectrum of the blobs may not show substantial
Hα emission. The errors in the colours come from varying
the aperture locations by ±1 pix at fixed aperture size and
by varying the aperture size at a fixed center. Using the
value of 15A˚ for the mean Hα equivalent width (EW) in the
spectrum of the central star (§3.3, Fig. 6) and its location
approximately 0.1 mag above the field star locus in Fig.
3, the combined mean uncertainty in the blob (r − Hα)
colours (0.18 mag) then sets a loose upper limit of ∼25A˚
for the equivalent width of any Hα emission from the blobs.
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Figure 3. Upper panel: the relationship between (g−r) colour, on
the APASS system, and (r–Hα). The Hα magnitudes are on the
observed instrumental system. Stars in the field of SMSS J1305–
2931 are plotted as open circles, the central star is plotted as
blue filled circle and the blobs are plotted as red star-symbols.
Lower panel: as for the upper panel except that the relation is for
V − 5007.
Integrated spectra of the blobs are required to place a tighter
limit; we note that the detectability of any emission line
relative to the continuum in such an integrated spectrum
will be strongly dependant on the emission line width.
We then conducted an essentially identical procedure
for the (V , [Oiii]) frame pair, again using the APASS cata-
logue to calibrate the V magnitudes. The [(V−[Oiii]), (g−r)]
2-colour diagram for the stars is shown in the lower panel of
Fig. 3, where we have set the zero point of the (V−[Oiii])
colours such that (V−[Oiii]) ≈ 0 at (g − r) ≈ 0.6. Since
the blobs are not strongly evident on the [Oiii] frames, care
was taken to ensure that the aperture centre corresponded
to the same position as for the g, r and Hα frames, and the
same aperture size was used. Similar precautions were ap-
plied for the V frame. The measurements on the [Oiii] frame
did result in an apparent excess above sky, and the resulting
(V−[Oiii]) colours are shown in the lower panel of Fig. 3.
As for the (r–Hα) frames, the error bars for the (V−[Oiii])
colours represent the variations from changing the aperture
size and position. The (V−[Oiii]) colours appear to indicate
an excess above the stellar sequence of a similar amount
(∼0.5 mag) for both blobs, perhaps indicating the presence
of [Oiii] emission. The excess, however, is less than 1.5σ,
and must be regarded as very uncertain until confirmed or
refuted by better data. We therefore conclude that the op-
tical radiation from the blobs is likely to be dominated by
continuum rather than emission-line flux.
Finally, the optical variability of the central star was in-
vestigated on the 2013 March g-band images via differential
aperture photometry relative to a number of other stars of
Figure 4. Magnitude of the central star of the SMSS J1305–2931
system in the APASS g-band system as a function of heliocentric
Julian Date, from repeated observations over three nights with
the Faulkes-S telescope. The data indicate that the central star is
variable by as much as ∼0.2 mag on timescales as short as 10–15
min; the uncertainty in each individual measurement is of order
0.02 mag.
similar magnitude on the frames. The light curves for 2013
March 16, 18 and 20 are shown in Fig. 4. These data show
that the central star of the SMSS J1305–2931 system varies
by ∼0.2 mag on timescales as short as 10–15 min, with no
obvious periodicity. There is also a likely longer-term varia-
tion as the mean brightness of the star is ∼0.1 mag fainter on
2013 March 18 compared to the other two nights. The mean
g magnitude and standard deviations for the three nights
are 16.29 and 0.04 mag, 16.40 and 0.06 mag, and 16.30 and
0.08 mag, respectively. The mean magnitudes are all consis-
tent with the value g = 16.36 ± 0.06 given in the APASS
catalogue. In this process we also derived a (g − r) colour
of 0.04 for the central star on the APASS system, which is
again consistent with the colour (0.01) given in the APASS
catalogue.
3.2.3 AAT near-IR Imaging
Images of the SMSS J1305–2931 field were obtained in
the J , H , and K bands with the IRIS2 near-IR imager
(Tinney et al. 2004) on the AAT on 2014 January 27 via
the AAO Service Observing program. Conditions were pho-
tometric with seeing varying between 1′′.7 and 2′′.4. Total
integration times were 30 min in J , 80 min in H , and 50 min
in K, obtained as sets of dithered 10 s exposures. The raw
data frames were processed with the AAO in-house ORAC-
DR data reduction software suite4, which corrects for astro-
4 http://www.aao.gov.au/science/instruments/current/IRIS2
/reduction
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metric distortion of the camera prior to aligning and com-
bining the images into the final mosaic.
The zero points for the instrumental magnitudes mea-
sured on the combined frames were determined via a com-
parison with the magnitudes listed in the 2MASS point
source catalogue (Skrutskie et al. 2006) for typically 12–14
stars on the frames. The resulting 1σ uncertainty in the zero
points is 0.01 mag for J and 0.02 mag for H and K. Ap-
plication of these zero points then yields the K magnitude
and the J −K and H −K colours for the central star listed
in Table 1. The J and H magnitudes are in good agreement
with the values listed in the 2MASS catalogue, but the K
mag is 0.27 mag brighter. Given that the 2MASS K mag-
nitude for the central star has a listed uncertainty of 0.27
mag, the difference is not significant.
The upper panel of Fig. 5 shows the final H-band com-
bined image for a 5′.3 × 7′.7 (EW × NS) sub-section of the
full field: the NE and SW blobs are clearly evident, and the
lower panels show enlargements of areas centered on each
blob. The blobs are also readily visible on the J- and K-
band images.
To measure their magnitudes, we adopted the pixel-
coordinates of the centres of the blobs on the H-band frame
and then corrected them for the pixel offsets to the J and K
frames determined from nearby stars. Aperture magnitudes
were then measured at these centres with an aperture of
8 pixel radius (3′′.6), which encompasses most of the light
from the blobs. Application of the zero point values then
yields the mean surface brightness and colours given Table
2; as for the optical data it is clear that the two blobs again
have similar colours and surface brightnesses.
3.3 Optical Spectroscopy
Follow-up spectroscopy of the central star of the SMSS
J1305–2931 system5 was obtained with the ANU 2.3m tele-
scope on 2012 May 29, 2012 June 8–10 and 2012 June
12 with the WiFeS double-beam integral field spectrograph
(Dopita et al. 2010). For the first four nights the B3000 and
R3000 gratings were employed, which give coverage of essen-
tially the entire optical window at R ≈ 3000, while on the
fifth night the R7000 grating was used in the red arm, yield-
ing coverage in the vicinity of Hα at R ≈ 7000. Integration
times varied between 900 s and 2400 s with one exposure per
night except for the fifth night, when two 2000 s exposures
were obtained that were subsequently combined.
Spectra were also obtained with the SOAR 4.1m tele-
scope and the Goodman High Throughput Spectrograph6
on 2012 July 6 and 2012 August 7 – 9. Spectra were ob-
tained with a 1200 line grating covering the wavelength re-
gion λλ4250–5500A˚ with R ∼ 3000 and a 1.03′′ slit. On 2012
July 6 a single 1200 s exposures was obtained, while for 2012
August 10 – 13 three 1200 s exposures were obtained each
5 The faint surface brightness of the blobs makes their spectro-
scopic observation very difficult with the telescopes to which we
had ready access and it was not attempted.
6 http://www.soartelescope.org/observing/documentation/
goodman-high-throughput-spectrograph/goodman-
manual/manual
Figure 5. Upper panel: A sub-section of the combined 80 min
total integration H-band image of the SMSS J1305–2931 field
obtained with IRIS2 on the AAT on 2014 January 27. The central
star and the NE and SW blobs are circled. The horizontal lines are
artifacts arising from saturated stars. North is to the top and East
to the left, and the circles have a diameter of 18′′. The field shown
is 5′.3 × 7′.7 (EW × NS) in size. Lower panels: Enlargements of
the regions of the NE (left panel) and SW (right panel) blobs;
the less centrally concentrated nature of the NE blob, compared
to the SW blob, is evident. Orientation is the same as the upper
panel and the panels are 54′′ × 36′′ in size.
night. Both the WiFeS and the Goodman HTS spectra were
continuum normalised prior to the analysis.
Initial inspection of the blue spectra shows a general
similarity to the discovery spectrum (Fig. 1), but closer in-
spection reveals that there are night-to-night variations in
the strength of the emission lines relative to the continuum,
and in their profile and location. This applies also to the
red spectra, which are dominated by Hα in emission, but
which also show He i emission lines at λ5876, 6678 and
7065A˚. Na D absorption is also present at a heliocentric
velocity close to zero (the average heliocentric velocity of
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Figure 6. Continuum normalized red spectra from the WiFeS
observations on 2012 June 8 (black, highest peak counts), June 9
(red, lowest peak counts) and June 10 (blue, intermediate peak
counts) in the vicinity of the Hα line, illustrating the night-to-
night changes in the line profile, relative strength and position.
the Na D lines from 2012 June 8, 9 and 10 red spectra is 19
± 10 km s−1). Intriguingly, using the relation provided in
Munnari & Zwitter (1997), the equivalent width of the Na
D1 line in the averaged red spectrum from the 2012 June 8, 9
and 10 observations implies E(B−V ) ≈ 0.3, or ∼0.2 mag in
excess of the inferred line-of-sight reddening. There is no ev-
idence for multiple components in the Na D absorption, but
given the resolution, velocity differences in excess of 200 km
s−1 would be required to resolve separate components. High-
resolution spectra would be needed to distinguish any possi-
ble source component from that of the interstellar medium.
In Fig. 6 we show the continuum-normalised Hα profiles
from the WiFeS observations on 2012 June 8, 9, and 10.
These profiles are typical of those seen in the red spectra.
Relative to the continuum, the Hα emission flux dropped
by ∼50% from June 8 to June 9, and then increased again
on June 10. The line profiles can be fit by single Gaussian
profiles in some instances (e.g. May 29, June 8, June 9) but
in other cases multiple components are present. For example,
the line profiles for June 10 and June 12 are convincingly fit
by two components with similar FWHM values. The derived
Hα line widths and velocities, and their uncertainties, are
summarized in Table 3.
The Hβ profiles extracted from the WiFeS blue spec-
tra are generally similar to the Hα profiles: single-peaked on
May 29 and June 8–9, and double-peaked on June 10 and
12. For the three cases where a single Gaussian line profile fit
is preferred, the Hβ velocities are ∼ 250 ± 50 km s−1more
negative than the corresponding contemporaneous Hα ve-
locities, although there is no obvious difference in the line
widths. On the other hand, at the ∼50 km s−1 level, the
velocities of the corresponding components agree when the
line profiles are double: e.g., for June 10 the Hβ components
are at –285 and +210 km s−1, while the Hα components are
at –223 and +240 km s−1. The respective line widths are
again broadly comparable. The Hβ profiles from the Good-
Figure 7. Continuum normalized blue spectra from the SOAR
observations obtained on 2012 August 7 (black; single peak at
longer wavelengths) and 2012 August 9 (red; dual peaks) in the
vicinity of the Hβ line, illustrating the changes in the line profile
and position.
man HTS spectra have similar properties to those seen in the
WiFeS blue spectra obtained two months earlier, changing
between single-peaked and double-peaked, sometimes over
successive nights. Fig. 7 shows the Goodman HTS spectra
in the vicinity of Hβ for 2012 August 7 (single component)
and August 9 (two components). The Hβ velocities and line
widths derived from the SOAR spectra are also listed in
Table 3. We note that the average EW of the Hβ emission
across all our blue spectroscopic observations is 〈EW(Hβ)〉
≈ 4.4 A˚, while that for He ii λ4686A˚ is 〈EW(He ii)〉 ≈ 4 A˚.
In summary, the spectroscopic observations indicate
substantial variations in the Balmer emission line strengths,
profiles, and velocities on timescales at least as short as
night-to-night. The velocity changes have scales of 100s km
s−1, and the line widths vary between ∼300 and ∼1000 km
s−1. These properties point to emission from an accretion
disk, or more generally, from warm gas moving in the vicin-
ity of an accreting object. More detailed dedicated spectro-
scopic observations are needed to investigate whether these
emission line variations occur on timescales as short as those
seen in the broadband photometry, and whether any peri-
odic motions are discernible.
3.4 UV and X-ray Observations
3.4.1 Swift/UVOT observations
The 30-cm UltraViolet and Optical Telescope (UVOT)
(Roming et al. 2005) is mounted onboard the Swift space-
craft (Gehrels et al. 2004) and is co-aligned with the 0.3 –
10 keV X-Ray Telescope (XRT; Burrows et al. 2005). UVOT
has a 17′×17′ field-of-view and is equipped with six broad-
band filters, three in the UV (uvw2, uvm2, uvw1) covering
the wavelength range 1600–3000A˚, and three in the optical
(u, b, v), which correspond approximately to standard U ,
B and V (Poole et al. 2008). The SMSS J1305-2931 system
was observed with UVOT during the period 2012 July 6 –
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Table 3. Examples of the velocity structure of the Balmer emis-
sion lines in the spectrum of the central source.
Date γa FWHM
(km s−1) (km s−1)
Hα from ANU 2.3m
2012 May 29 −130± 15 750 ± 100
2012 June 8 +50± 15 800 ± 100
2012 June 9 −40± 15 1100 ± 100
2012 June 10b (−20± 15) (860 ± 100)
−223± 15 450 ± 100
+240± 15 450 ± 100
2012 June 12b (+15± 15) (870 ± 100)
−300± 15 400 ± 100
+170± 15 400 ± 100
Hβ from SOAR 4.1m
2012 July 6 −240± 15 680 ± 100
+265± 15 330 ± 100
2012 August 7 +15± 15 850 ± 100
2012 August 8 −230± 15 650 ± 100
+240± 15 250 ± 100
2012 August 9 −380± 15 600 ± 100
+270± 15 330 ± 100
a Heliocentric systemic velocity.
b Two-Gaussian fit preferred on those dates.
2012 Sept 2 coincident with the XRT observations described
in §3.4.2 below. It was observed in all six UVOT filters with
one integration in each filter per orbit. A total of 16 or 17 ob-
servations were obtained for each filter and the data frames
were analyzed as described in Poole et al. (2008).
There was no evidence for the presence of the blobs
in any of the images, but the central star was readily de-
tected in all exposures. The mean magnitudes (VEGAMAG
system) are listed in Table 1. The individual magnitudes
confirm the variability of the central source on timescales as
short as the ∼95 min interval between successive spacecraft
orbits. The intrinsic standard deviations of the magnitudes
are of order ∼0.1 – 0.15 mag, while the range in the observed
magnitudes across the ∼60 day span is ∼0.4 mag for all six
filters. There is also a hint that the star is slightly bluer
when brighter; confirmation of this effect is made difficult
by the relatively large errors in the colours (typically 0.15
mag).
3.4.2 Swift/XRT and XMM-Newton observations
The field containing SMSS 1305–2931 had previously been
observed in X-rays only with with the ROSAT Position Sen-
sitive Proportional Counters (PSPC) detector as part of the
ROSAT All-Sky survey (Voges et al. 1999). No X-rays were
detected at the source position in a 348 s observation, and
the 3σ upper limit on the count rate is estimated as 0.017
counts s−1, corresponding to an upper limit of ∼6 × 10−13
erg cm−2 s−1 in the 0.3–10 keV energy range, assuming
a Galactic absorbing column of 7.15 × 1020 atoms cm−2
(Kalberla et al. 2005) and a power-law spectrum with a pho-
ton index Γ = 1.7.
Subsequent to our optical discovery, we were awarded a
Target of Opportunity monitoring program with Swift/XRT.
The field of SMSS 1305–2931 was observed for intervals of
∼2000–3000 s approximately weekly over a three month pe-
riod, and a total of 16.5 ks on-source integration was ulti-
mately obtained. An X-ray counterpart to SMSS J1305–2931
was detected at a 3.9σ level above the background. There
was, however, no indication of any X-ray emission at the
location of either of the blobs.
No significant variability was seen in the XRT obser-
vations of the central source, but the net counts from each
observation are inadequate to draw firm conclusions. The
average net count rate is approximately 2 × 10−3 counts
s−1 in the 0.3 – 10 keV range, corresponding to an absorbed
flux of ∼7 × 10−14 erg cm−2 s−1 for a power-law photon
index Γ = 2, or ∼1.4 × 10−13 for Γ = 1. The 3σ upper lim-
its for any emission from the blobs, which lie off-axis, are 1
× 10−3 counts s−1 for the NE feature and 4 × 10−3 counts
s−1 for the SW feature. For a power-law index Γ of 1.7 the
corresponding flux limits are 4 × 10−14 and 2 × 10−13 erg
cm−2 s−1, respectively.
Following our Swift/XRT detection, we obtained a
deeper observation of the field with XMM-Newton (OBSID:
0723380101, PI: Farrell): a 70 ks exposure on 2014 Jan-
uary 12, with the European Photon Imaging Camera (EPIC)
(Stru¨der et al. 2001; Turner et al. 2001) as the prime instru-
ment. The data files were processed with the Science Anal-
ysis System (SAS) version 14.0.0 (xmmsas 20141104). Sub-
intervals of the observation with high particle background
were filtered out and time intervals of 38ks for EPIC-pn and
62 ks for EPIC-MOS retained. As before, the central object
was clearly detected but there is no indication of any X-ray
emission from either of the blobs.
The XMM-Newton data provided enough counts for
spectral analysis. We used the SAS task xmmselect to ex-
tract spectra and background files for the pn and MOS data,
using a circular source region of 20′′ radius, and a local back-
ground region three times as large (avoiding chip gaps). We
used the standard flagging criteria #XMMEA_EM for the MOS
data, and FLAG=0 && #XMMEA_EP for the pn data. We built
response and ancillary response files with the SAS tasks rm-
fgen and arfgen. Finally, to increase the signal-to-noise ra-
tio, we combined the pn, MOS1 and MOS2 spectra with
epicspeccombine7, to create a weighted-average EPIC spec-
trum. We grouped the combined spectrum to a minimum of
25 counts per bin, for Gaussian statistics. As a consistency
check, we later repeated our modelling by fitting the indi-
vidual pn and MOS spectra simultaneously, and obtained
similar results to those described below.
3.4.3 Modelling the X-Ray spectrum
In order to provide additional information to assist
with the interpretation of the source, we modelled the
XMM-Newton/EPIC spectrum with XSPEC version 12.9.1
(Arnaud 1996). We note first that simple models, such as
an absorbed single-temperature blackbody, a power-law, or
a single-temperature thermal plasma, do not provide sat-
isfactory fits. The lack of satisfactory fits is also true for
standard two-component models that are often applied to
7 https://www.cosmos.esa.int/web/xmm-newton/sas-thread-
epic-merging
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accreting compact objects (e.g., blackbody plus power-law
or disk-blackbody plus power-law). These models, however,
do provide the physical insight that the X-ray spectrum ap-
pears to have both a hard and a soft component. A good
fit to the combined EPIC spectrum is obtained with models
employing two optically-thin-plasma thermal components,
with different absorption column densities for the soft and
hard components.
In the simplest version of this model, we took a single-
temperature plasma component (mekal in XSPEC) for the
soft X-ray emission, and a single-temperature component
for the hard X-ray emission, with two different accretion
columns (i.e., assuming that the two components come from
different spatial regions in the system). The resulting best-
fitting parameters (Table 4) are a temperature kTs ≈ 0.2
keV for the soft component (absorbed by a column density
nH,s ≈ 0.9 × 10
22 cm−2) and kTh ∼ 10 keV for the hard
component (absorbed by a column density nH,h ≈ 4× 10
22
cm−2). The observed flux in the 0.3–2 keV band is f0.3−2 ≈
7×10−15 erg cm−2 s−1 (heavily affected by absorption), and
f0.3−10 ≈ 1.1 × 10
−13 erg cm−2 s−1 in the 2–10 keV band.
The unabsorbed luminosity is well constrained for the hard
band, at L2−10 ≈ 7×10
31×d22kpc erg s
−1 (where d2kpc is the
distance to the source in units of 2 kpc), but is very uncertain
for the soft band, due to the low temperature of the emitting
plasma and the high column density; we estimate L0.3−2 ≈
a few × 1032 × d22kpc erg s
−1 (Table 4). However, the two-
temperature approximation, while formally a good fit (χ2ν =
44.7/45 = 0.99), is a crude physical model, especially for
the soft component; it may lead to an over-estimate of the
column density and therefore of the intrinsic luminosity for
the soft component.
We refined our model by assuming a multi-temperature
distribution (cemekl in XSPEC) for the softer emitter (Table
4). This model provides an equally good fit (χ2ν = 42.7/45 =
0.95). The maximum temperature of the cemekl distribution
has to be >1.3 keV; the temperature of the hotter compo-
nent is again kTh ∼ 10 keV. The unabsorbed luminosities
in this model are L0.3−2 ≈ 4 × 10
31 × d22kpc erg s
−1 and
L2−10 ≈ 8×10
31×d22kpc erg s
−1 (Table 4), for a total X-ray
luminosity L0.3−10 = (1.2± 0.2)× 10
32 × d22kpc erg s
−1. The
data points, model fit, and χ2 residuals for this model are
shown in Fig. 8.
Finally, we tried fitting the spectrum with only one
multi-temperature distribution of plasma (cemekl), absorbed
by a moderately low column density plus a higher column
density component with covering fraction < 1 (pcphabs ×
TBabs × cemekl). This could be the situation, for exam-
ple, if the absorbing material is clumpy, or if some of the
hot emitting gas is located above the densest part of the
absorbing material. We obtain χ2ν = 42.0/46 = 0.91, sta-
tistically equivalent to the two-component emission model.
The baseline column density is nH,1 ≈ 0.23×10
22 cm−2; the
partial absorbing component has nH,2 ≈ 6×10
22 cm−2, with
covering fraction fcvr = 0.94± 0.02. The thermal plasma re-
quires a maximum temperature Tmax > 24 keV (the precise
value is unconstrained by the data). The unabsorbed X-ray
luminosity is L(0.3−10) = (2.1
+0.8
−0.6) × 10
32 × d22kpc erg s
−1
(Table 4. The fit residuals look essentially identical to those
for the previous model shown in Fig. 8; the factor-of-two dif-
ference in the intrinsic luminosity between the two models
Table 4. Main X-ray spectral parameters
Parameter Value
TBabss × mekals + TBabsh × mekalh
nH,s 0.88
+0.14
−0.20 × 10
22 cm−2
nH,h 4.0
+0.8
−0.7 × 10
22 cm−2
kTs 0.19
+0.08
−0.04 keV
kTh 12
+36
−4 keV
EMs 16
+35
−13 × 10
54 × d2
2kpc
cm−3
EMh 4.8
+0.7
−0.6 × 10
54 × d2
2kpc
cm−3
χ2ν 0.99(44.7/45)
f0.3−2 0.7
+0.1
−0.1 × 10
−14 erg cm−2 s−1
f2−10 11
+1
−1 × 10
−14 erg cm−2 s−1
L0.3−2 3.3
+5.3
−2.3 × 10
32 × d2
2kpc
erg s−1
L2−10 7.1
+0.4
−0.4 × 10
31 × d2
2kpc
erg s−1
TBabss × cemekls + TBabsh × mekalh
nH,s 0.23
+0.17
−0.13 × 10
22 cm−2
nH,h 5.3
+1.6
−1.3 × 10
22 cm−2
αcemekl [0.01]
kTmax > 1.3 keV
kTh 12
+24
−4 keV
EMs 0.24
+0.46
−0.07 × 10
54 × d2
2kpc
cm−3
EMh 4.9
+0.8
−0.7 × 10
54 × d2
2kpc
cm−3
χ2ν 0.95(42.7/45)
f0.3−2 0.8
+0.1
−0.1 × 10
−14 erg cm−2 s−1
f2−10 11
+1
−1 × 10
−14 erg cm−2 s−1
L0.3−2 4.1
+0.8
−0.5 × 10
31 × d22kpc erg s
−1
L2−10 7.6
+0.4
−0.4 × 10
31 × d22kpc erg s
−1
pcphabs × TBabs × cemekl
nH,1 0.23
+0.09
−0.10 × 10
22 cm−2
fcvr 0.94
+0.2
−0.2
nH,2 6.1
+1.4
−1.1 × 10
22 cm−2
αcemekl [0.01]
kTmax > 24 keV
EM 3.8+0.3
−0.4 × 10
54 × d22kpc cm
−3
χ2ν 0.91(42.0/46)
f0.3−2 0.8
+0.1
−0.1 × 10
−14 erg cm−2 s−1
f2−10 11
+1
−1 × 10
−14 erg cm−2 s−1
L0.3−2 14
+7
−2 × 10
31 × d2
2kpc
erg s−1
L2−10 7.6
+0.4
−0.4 × 10
31 × d2
2kpc
erg s−1
is due to the different way of accounting for the absorption
of the soft X-ray photons.
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Figure 8. The XMM-Newton/EPIC spectrum of the SMSS
J1305–2931 X-ray counterpart compared with the best-fit multi-
temperature thermal-plasma model. The observed points are
shown as red plus-signs with error bars, while the model fit is
shown in blue. The lower panel shows the ∆χ2 difference between
the model and the data. The parameters and physical interpreta-
tion of the model are discussed in section 3.4.2.
4 THE NATURE OF THE CENTRAL OBJECT
The broad emission-line profiles in the optical spectrum, to-
gether with the variability of both the broadband continuum
and the emission lines, strongly suggest that the dominant
source of the radiation from the central object is a hot ac-
cretion disk around a compact object that is accreting mass
from a companion star in a binary system. The most likely
candidates for the nature of the system are then a high-mass
X-ray binary (HMXB), a low-mass X-ray binary (LMXB),
or some sort of cataclysmic variable (CV). We now discuss
each of these possibilities.
We can rule out the HMXB classification straightaway.
In HMXB systems, by definition, the companion star is typ-
ically an O- or B-type star with a mass exceeding ∼8–10
M⊙, and as a result, the locations of HMXB systems are
restricted to the Galactic plane (e.g. Chaty 2011). SMSS
J1305–2931, however, lies far from the plane at a Galactic
latitude b of 33.25 deg or a z-height of 1.1 × d2kpc kpc, far
away from star-forming regions. Further, formation of an
accretion disk in a HMXB system is not common (Chaty
2011), and in addition, there is no evidence in the observed
spectrum supporting the existence of a luminous donor-star,
as would be expected. Consequently, a HMXB interpretation
for SMSS J1305–2931 is not viable.
LMXBs, on the other hand, are systems in which a low-
mass star, typically a main sequence star of mass ∼1 M⊙
or less, is losing mass via Roche-lobe overflow to a compact
companion that is either a neutron star or a black-hole (e.g.
Tauris & van den Heuvel 2010). LMXBs are generally asso-
ciated with old stellar populations: they are found predomi-
nantly towards the Galactic Bulge, which is not inconsistent
with the location of SMSS J1305–2931 on the sky, and in
Galactic globular clusters. The optical spectrum of an (ac-
tive) LMXB is dominated by emission from the hot accretion
disk surrounding the compact companion, again as seen for
SMSS J1305–2931. Optical line emission, from the X-ray ir-
radiated surface of the accretion disk and/or donor star, in
both neutron star and black hole LMXBs (e.g. Soria et al.
1999; Casares et al. 2006), is also similar to that seen in the
spectrum of SMSS J1305–2931.
However, there is one fundamental difference between
the properties of LMXB systems and those of SMSS J1305–
2931 that rules out the classification of SMSS J1305–2931
as an LMXB: the ratio of the X-ray luminosity to the op-
tical luminosity. For LMXBs LX ∼ 500 − 1000Lopt (e.g.
van Paradijs & McClintock 1995; Tauris & van den Heuvel
2010), with the exception of “accretion-disk-corona” (ADC)
sources, seen at high inclination, for which LX ∼ 20Lopt
(e.g. Casares et al. 2003). However, such ratios are defi-
nitely ruled out for SMSS J1305–2931; instead LX ≪ Lopt.
Specifically, in §3.4.2 we showed that the observed X-ray
flux from SMSS J1305–2931 in the 0.3 to 10 keV range
is f0.3−10 = (1.2 ± 0.1) × 10
−13 erg cm−2 s−1, whereas in
the band-pass of the g-filter, the observed flux is of order 2
×10−12 erg cm−2 s−1. This indicates fopt is at least 20× the
X-ray flux f0.3−10; SMSS J1305–2931 is therefore unlikely
to be an LMXB.
The remaining possibility for the central source of the
SMSS J1305–2931 system is that it is a CV, in which a
white dwarf is accreting matter from a low-mass main se-
quence or slightly evolved companion star via Roche-lobe
overflow (e.g. Warner 1995; Hellier 2001). In non-magnetic
CVs, which are the majority, the accretion process occurs
via an extended accretion disk that surrounds the white
dwarf. The dominant sources of radiation are the disk it-
self and the boundary layer between the innermost radius of
the disk and the surface of the white dwarf. For CV systems
in which the white dwarf is strongly magnetic, the binary is
tidally locked and the accretion is directly on to the white
dwarf surface at the magnetic poles. In these cases, known as
polars (class prototype AM Her), there is an accretion col-
umn rather than an accretion disk. Intermediate-polars (IPs,
class prototype DQ Her) occur when the magnetic field is
not sufficiently strong to cause tidal-locking – there is an
accretion disk, but the inner regions are truncated by the
magneto-sphere of the white dwarf. In all cases instability in
the mass transfer and/or accretion processes leads to vari-
ability in the system. Such variability is most extreme in
the class of CVs known as dwarf novae, which show recur-
rent changes in brightness of up to 5 magnitudes (Warner
1995; Coppejans et al. 2016a). The changes are interpreted
as a thermal limit-cycle instability in the accretion disk (e.g.
Smak 1983; Cannizzo 1993; Osaki 1996; Lasota 2001); the
disk cycles between an ionized (high-luminosity) state and a
neutral (low-luminosity) state, usually referred to as the up-
per and lower branches of the “S-curve”. Finally, nova-like
CVs are systems persistently in the high-luminosity state,
probably because the accretion rate is high enough to main-
tain the disk on the upper branch of the S-curve (Smak 1983;
Warner 1995; Balman et al. 2014).
We can immediately rule out a polar-CV classification
for SMSS J1305–2931 on the basis of the width of the emis-
sion lines in the optical spectrum — polars present narrow
spectral lines because of the absence of an accretion disk
(e.g. Oliveira et al. 2017). The lack of absorption lines in
the optical spectrum, the presence of high-ionization lines
(e.g. He ii λ4686A˚), and the blue colours all point to SMSS
J1305–2931 being in an accretion-dominated phase, suggest-
ing a classification as an IP, or a dwarf nova, or a nova-like
CV. IPs are characterised by Hβ equivalent widths in excess
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of 20A˚ (e.g. Oliveira et al. 2017), while the average value of
〈EW(Hβ)〉 measured for SMSS J1305–2931 is ∼4.4 A˚ (§3.3),
ruling out an IP classification. The value of 〈EW(Hβ)〉 is,
however, typical of dwarf novae or nova-like CVs.
To further constrain the type of CV, we used the
empirical relations (Patterson 1984; Patterson & Raymond
1985a,b; Hertz 1990) between the observed soft X-ray flux
(and observed X-ray/optical flux ratio) and the absolute vi-
sual magnitude of the system. In those relations, the X-ray
flux is usually taken in the 0.2–4.0 keV band for historical
reasons, because early high-energy surveys of CVs were done
with the Einstein Observatory. In SMSS J1305−2931, the
observed 0.2–4.0 keV flux is ≈ 3× 10−14 erg cm−2 s−1 and
the absorption-corrected flux is ≈ 1.5−3.5×10−13 erg cm−2
s−1 depending on the details of the adopted model. Optical
fluxes are approximated by logFopt = −0.4V −5.44 ≈ −12.0
(Schwope et al. 2002). With this definition, the observed
log(FX/Fopt) ≈ −1.5, while the absorption-corrected ratio
is between −0.9 and −0.5 depending on the choice of model.
This range of flux ratios is typical of CVs with an accretion
rate 1017 g s−1 <∼ M˙
<
∼ a few 10
18 g s−1, assuming that
the optical continuum comes from a standard accretion disk
(Patterson & Raymond 1985a,b). At such accretion rates,
CVs are either in the nova-like state or in the outburst phase
of a dwarf nova (Warner 1995; Hellier 2001).
Alternatively, we can directly compare optical
and soft X-ray fluxes, as in the ROSAT survey of
CVs by Beuermann & Thomas (1993). Converting the
XMM-Newton/EPIC flux for SMSS J1305−2931 into a
ROSAT/PSPC 0.1–2.4 keV count rate (assuming suit-
able thermal-plasma models), we estimate a PSPC rate
of ≈10−3 counts s−1. Thus, our source falls into the
region of the X-ray/optical diagram populated mostly
by nova-like CVs and dwarf novae in the bright state
(Beuermann & Thomas 1993, their Fig. 2). One problem
with this kind of diagram is that the soft X-ray flux is
highly affected by an uncertain amount of absorption;
for example, we could be under-estimating the soft X-ray
luminosity of SMSS J1305−2931 dramatically if the system
is seen almost edge-on, in comparison with the other sources
in the ROSAT sample at lower inclinations. To avoid this
problem, following Mukai (2017), we can use a correlation
between the 2–10 keV flux (less affected by absorption)
and the visual magnitude. The observed 2–10 keV flux of
SMSS J1305−2931 is f2−10 ≈ 1.1 × 10
−13 erg cm−2 s−1
while the absorption-corrected value is f2−10 ≈ 1.6× 10
−13
erg cm−2 s−1, almost (to within 10%) independent of the
choice of model. Using either of these values in the Mukai
(2017) diagram confirms that our source is consistent with
nova-like CVs or high-state dwarf novae, but is more than
an order of magnitude fainter in X-rays than typical polar
and intermediate-polar CVs.
The SMSS J1305−2931 system is unlikely to be a dwarf
nova in outburst, however, as all the available optical pho-
tometry, including that from surveys such as APASS, Pan-
STARRS1 and SkyMapper DR1.1, indicate that the optical
brightness of the system has remained approximately con-
stant on a timescale of years without any indication of sig-
nificant outbursts or transitions. In particular, the UVOT
v data are constant at the ∼0.2–0.3 mag level over the
∼60 day monitoring period, and are consistent with the
Faulkes-S photometry taken ∼250 d later (Fig. 4). We also
note that Ofek et al. (2012) classify SMSS J1305–2931 as
a non-variable source based on Palomar Transient Factory
photometry. As regards longer term variations, while quan-
titative information is more difficult to obtain from the pho-
tographic DSS blue (1978 February 17), and POSS-I (1958
April 14) images, estimates of the magnitude of the central
star relative to nearby stars with APASS B magnitudes,
again indicates no substantial change in the brightness of
the central star at the ∼0.2–0.3 mag level.
From the EW(Hβ) versus absolute magnitude relation
(e.g. Patterson 2011, Fig. 3), with the mean value 〈EW(Hβ)〉
≈ 4.4 A˚ listed in 3.3, we infer that MV <∼ 5.5 mag for SMSS
J1305–2931 (the relation saturates for smaller EWs, corre-
sponding to brighter disks). The observed V ≈ 16.5 mag,
corrected by a line-of-sight Galactic reddening E(B − V ) ≈
0.09 mag (Schlafly & Finkbeiner 2011), then implies a dis-
tance d>∼ 1.5 kpc, surprisingly large for a CV (Patterson
2011). A similar absolute brightness, and therefore a sim-
ilar distance, is also consistent with the relation between
accretion rate and absolute brightness in Warner (1987).
For convenience, we adopt a distance of 2 kpc and where
required, scale distance-related quantities by d2kpc, the dis-
tance in units of 2 kpc. For distances/absolute magnitudes
of the order of those discussed here, the orbital period of the
system is likely to be ∼4–6 hours (Warner 1987; Patterson
2011). We can also assume a safe upper limit of d<∼ 5 kpc,
based on the maximum X-ray and optical luminosities ever
observed for any type of CV (Warner 1987, 1995; Patterson
2011; Pretorius et al. 2012).
We obtain further constraints on the distance from the
He ii λ4686A˚ emission line. The EW(Hβ) versus EW(He ii
λ4686) diagram of van Paradijs & Verbunt (1984) tells us
again that the average strength of the He ii λ4686 measured
for SMSS J1305–2931 is consistent with those of LMXBs
(which we have already ruled out), nova-like CVs, and some
IPs, but is not consistent with polar CVs. More interest-
ingly, there is a tight correlation between the emitted lu-
minosity in the He ii λ4686 line and the accretion rate
(Patterson & Raymond 1985b, their Fig. 5). We have al-
ready shown that the X-ray luminosity and the nova-like CV
interpretation suggest an accretion rate M˙ ∼ 1018 g s−1. For
that rate, we expect a He II λ4686 luminosity ∼1030 erg s−1.
From our observed spectra, corrected for line-of-sight red-
dening, we measure a line luminosity L4686 ≈ 5× 10
30d22kpc
erg s−1, which demonstrates consistency with our previous
distance estimates based on the continuum luminosity.
Finally, we note that the soft X-ray luminosity of SMSS
1305–2931 in the 0.5 to 2.0 keV range is between L(0.3−2) ≈
4×1031×d22kpc erg s
−1 and L(0.3−2) ≈ afew×10
32×d22kpc erg
s−1 (Table 4), depending on the which of the X-ray spectral
models discussed above is adopted. These values place the
system among the most luminous non-magnetic CVs in the
luminosity function of Pretorius et al. (2012), again consis-
tent with our interpretation of the system as a nova-like CV
in an accretion-dominated phase. We note that similar spec-
tral models, with softer and harder emission components
absorbed by different column densities, have also been suc-
cessfully applied to, for example, the XMM-Newton/EPIC
spectrum of UX UMa (Pratt et al. 2004), and to the Chan-
dra/HETG spectrum of TT Ari (Zemko et al. 2014), both
of which are nova-like CVs.
In summary, we argue that a consistent interpretation
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of the SMSS 1305−2931 system is as a nova-like CV at d ∼ 2
kpc, accreting mass at a rate M˙ ∼ 10−8M⊙ yr
−1, which pro-
duces a bolometric luminosity Lbol ∼ 10
35 erg s−1 (assuming
a characteristic white dwarf radiative efficiency η ≈ 10−4).
More specifically, our modelling of the X-ray spectra in-
dicates the presence of two thermal-plasma components.
Based on an analogy with other highly accreting CVs, the
hotter component (kT ∼ 10 keV), which is absorbed by a
high column density (nH ∼ 5×10
22 cm−2), can be attributed
to an optically thin, radiatively inefficient, hot boundary
layer. The cooler thermal-plasma component (kT < 1 keV),
however, most likely originates from a more extended region
further out (as suggested by its much lower nH), possibly
the result of harder X-ray photons down-scattered in a disk
wind, in agreement with the interpretation of other nova-
like CV systems (see Pratt et al. 2004; Balman et al. 2014;
Zemko et al. 2014, and references therein).
5 ARE THE BLOBS OUTFLOW RELICS?
The two blobs in the SMSS J1305–2931 system are accu-
rately symmetrical about the central object and we have
argued that they are associated with the central star. Never-
theless, we must first consider the possibility that the align-
ment of the blobs might simply have arisen by chance, in
which case the blobs would most likely be distant galaxies.
We have investigated this possibility by making use of the
full 7′.7 × 7′.7 AAT H-band image8 (a sub-section of which
is shown in Fig. 5), seeking to identify other faint low-surface
brightness objects of comparable size to the blobs. There are
at least half a dozen or so objects with characteristics sim-
ilar to the blobs visible on the frame, and in each case the
symmetrical location with respect to the central star was
inspected. However, we found that in all cases the symmet-
rical location was blank sky, with no similar object visible in
the vicinity. While not definitive, this outcome suggests that
the blobs are unlikely to be the result of a chance alignment.
The blobs lie, in projection on the plane of the sky, at a
distance of 2.2 × d2kpc pc from the central star, and, with an
on-sky diameter of ∼10′′, they are of order 0.07 × d2kpc pc in
size. As demonstrated in previous sections, they emit faint
optical/IR continuum radiation, with narrow-band photom-
etry suggesting no strong emission-line features. The fluxes
associated with the g, r, J , H , and K magnitudes of the
blobs do not suggest a power-law spectral energy distribu-
tion, rather they are more consistent with a spectral energy
distribution that peaks at wavelengths between r and J in
log Fλ and in log νFν . If interpreted as thermal emission, the
characteristic temperature would be ∼4500 K for both com-
ponents. The average luminosity for the blobs in the r-band
is approximately 5.6× 1030 × d22kpc erg s
−1.
Our interpretation of these features is that they are
the relics of a symmetrical bi-polar outflow, or accretion-
powered jet, that was once present in the SMSS J1305–
2931 system. Collimated bipolar outflows or jets (highly-
collimated fast flows) are known in a variety of stellar sys-
tems, ranging from young star-forming systems to LMXBs
8 This image was chosen because its limiting magnitude is fainter
than both the DSS-R image and the Pan-STARRS1 y/i/g image
stack.
and HMXBs, and symbiotic-star binaries (red giant/white
dwarf binary systems with active mass transfer). In general,
the physical processes connecting the collimated outflows
and accretion disk properties seem to be similar for most
of these different types of systems. Jets are not commonly
observed in CV systems. Nevertheless, Ko¨rding et al. (2008)
have used the radio emission properties of the dwarf nova
SS Cyg in outburst to suggest that the data are best ex-
plained as synchrotron emission originating from a transient
jet (see also Miller-Jones et al. 2011; Russell et al. 2016).
Moreover, radio observations at 8–12 GHz of dwarf novae
(Coppejans et al. 2016b) and nova-like CVs (Ko¨rding et al.
2011; Coppejans et al. 2015) have shown that such optically
thin synchrotron emission is a common feature for both
steady and transient CVs: the preferred interpretation is
that the emission originates from the formation of transient
or steady jets.
The presence of a collimated outflow, either currently
or recently active, in the nova-like CV SMSS J1305−2931,
perhaps favoured by the existence of a hot, radiatively inef-
ficient boundary layer, is therefore not implausible. At the
suggested distance of ∼2 kpc, the radio-bright CVs in the
sample of Coppejans et al. (2016b) would have a 10-GHz
flux density of only ∼0.02–0.2 µJy, well below our non-
detection limits (see section 3.1). This range of radio fluxes
corresponds to radio luminosities ≈1024–1026 erg s−1, that
is, <∼ 10
−9 times the total power available from mass ac-
cretion. As an interesting analogy, the maximum radio lu-
minosity achievable by neutron stars in a bright state (ac-
cretion power ∼1038 erg s−1) seems to be ∼1029 erg s−1
(Tudor et al. 2017), which is a similar fraction of the accre-
tion power.
We speculate that the blobs are the optically-thin pas-
sively cooling remnants of previously active collimated out-
flows in the SMSS J1305–2931 system. An alternative sce-
nario, that the blobs represent the vestigial remains of ter-
mination shocks formed when outflowing material impacted
into the ISM surrounding SMSS J1305–2931, seems ruled
out given the likely low density of the ISM at the height
above the plane of the system (1.1 × d2kpc). An impor-
tant quantity for any viable interpretation of the blobs is
the timescale for their evolution. If the timescale is short,
then the probability of observing them at the current epoch
becomes small, suggesting that another explanation is war-
ranted. Alternatively, if the timescale is too long, then the
question would arise as to why such features aren’t more
commonly observed. Attempting a detailed physical model
of the blobs is beyond the scope the current paper. We
can, however, make a first-order estimate of an evolution-
ary timescale for the blobs by calculating the sound speed
crossing time, τs, which is the ratio of the size to the sound
speed in the blob material. The sound speed, cs, can be es-
timated as (kT/µm)1/2, which is 4.7 km s−1 for T = 4500 K
and solar composition. For a scale-size of 0.07 pc, the value
of τs for the blobs is then ∼15,000 yrs × d2kpc. This is long
enough that we are not required to be observing the sys-
tem at a particularly special epoch, but short enough that
similar systems should be quite rare, as seems to be the case.
The principle alternative explanation of the blobs is
that they are the last remnants of a nova eruption that
occurred in the system in the historical past. A poten-
tially related example is the nearby (d ≈ 160 pc) dwarf
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nova Z Cam. Shara et al. (2007) have detected a number
of thin low surface-brightness arc-like structures surround-
ing the central object in this system. The features, which
lie ∼0.7 pc from the central source, are interpreted as the
result of a classical nova eruption of the system that oc-
curred a few thousand years ago. Shara et al. (2007) argue
that the nova ejecta swept up surrounding interstellar ma-
terial to form the shock-ionised arcs seen at the present-day.
The arcs in the Z Cam system differ from the blobs in the
SMSSJ1305–2931 system in that their spectra show definite
emission lines of Hα and [Nii] and [Oii] (Shara et al. 2007).
Yet it is conceivable that a classical nova (or a recurrent nova
– see Darnley et al. (2017)) eruption also occurred in the
SMSSJ1305–2931 system in the past, and that the blobs are
the last remaining features from that eruption. Mason et al.
(2018) point out in their detailed study of four novae that
the ejecta properties are in all cases consistent with “clumpy
gas expelled during a single, brief ejection episode and in
ballistic expansion” confined within a bi-conical geometry
(Mason et al. 2018). Assuming an outflow velocity of order
1000 km s−1, or more (e.g. Yaron et al. 2005), the projected
radial distance for the SMSSJ1305–2931 blobs of 2.2 × d2kpc
pc implies a timescale of 2000 d2kpc yrs, or less, since the
eruption. In that context it is also worth noting that at least
some novae have been shown to have complex post-eruption
structures, including multiple components, collimated out-
flows and high-velocity features (e.g. Darnley et al. 2017;
Woudt et al. 2009). Further, Mro´z et al. (2016) have shown
that after a nova eruption, the white dwarf has a higher ac-
cretion rate than before the nova outburst, for a period of
order hundreds of years. We have argued that SMSSJ1305–
2931 is a nova-line CV, i.e. has a high accretion rate, and
that is then consistent with an interpretation of the system
as being in a post-nova state.
6 SUMMARY
We report here the serendipitous discovery of a probable
nova-like CV, designated SMSS J130522.47–293113.0. The
system is a weak X-ray source, and is not detected at ra-
dio wavelengths. The optical spectrum of the central object
is characteristic of radiation from a hot accretion disk sur-
rounding a compact companion in a close-binary system. It
is dominated by emission lines of hydrogen, neutral and ion-
ized helium, and the N iii, C iii complex. The lines vary
significantly in strength, width, and velocity on timescales
at least short as 1 day: the velocity variations have scales of
100’s km s−1 and the line widths vary from ∼300 to ∼1000
km s−1. Broad-band optical photometry also reveals signif-
icant low-level variations in the output of the system at the
0.2–0.3 mag level, with timescales as short as 10-15 min, as
well as over days and weeks. More extensive long-term mon-
itoring of the system is required in order to constrain the
period of the binary orbit which we estimate to be approx-
imately 5 hours, based on the likely distance (∼2 kpc) and
absolute magnitude (MV ≈ 4.7) of the system.
The most intriguing feature of the environment of the
SMSS J1305–2931 system is the presence of two small (size
∼0.07pc) low surface brightness blobs that are symmetri-
cally located ∼2 pc (on the plane of the sky) either side
of the central object. The blobs are detected only at opti-
cal and near-IR wavelengths, and their optical/IR emission
appears to be dominated by continuum radiation. Our pre-
ferred interpretation is that the blobs are the relics of previ-
ous accretion-powered collimated outflows in the system: as
such they are likely the first known example of remnants of
accretion-powered collimated outflows in a stellar system.
While it would undoubtedly be a challenging observation
even with the largest telescopes (blob surface brightness ∼
24.7 g-mag per arcsec2 on a ∼6 arcsec spatial scale), low-
resolution spectroscopy of the blobs would be useful to con-
firm the apparent lack of any significant emission-line flux,
and to assist in the clarification their nature.
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